Unintentional As/P exchange has a significant influence on InAs/InP nanostructures growth. In this paper we report on the As/P exchange reactions at different temperatures studied by in situ stress measurements and reflectance difference characterization. When arsenic atoms incorporate at the InP surface an asymmetric stress is built-up that is responsible for quantum wires formation. We obtain that arsenic atoms do not actively displace phosphorous from the surface at the range of surface temperatures and exposure times of interest for growth of InAs nanostructures by molecular beam epitaxy (MBE). Instead, the arsenic atoms bond to available In atoms left vacant by phosphorous desorption at the corresponding temperature.
Introduction
Self-assembled semiconductor nanostructures based on highly mismatched heteroepitaxial systems attract great interest for their fundamental properties as low dimensional (0D, 1D) systems as well as for device applications. In particular, InAs nanostructures grown on InP (001) are promising candidates for optoelectronic devices operating in the wavelength range 1.3-1.55 microns. It has been shown [1] [2] [3] that it is possible to obtain very uniform arrays of quantum wires (QWr) by solid source molecular beam epitaxy (MBE) deposition of InAs on InP. Surface effects, such as reconstruction and As-P exchange reactions at the surface [4, 5] are decisive for the formation of self-assembled nanostructures, and determine the total amount of material that they incorporate.
The currently accepted mechanism for spontaneous nanostructures formation involves the relaxation of the elastic stress accumulated during growth of highly mismatched epitaxial systems through the development of a 3D morphology. Direct experimental evidence of stress relaxation as a consequence of the formation of 3D nanostructures has been obtained by in situ measurements of the stress accumulated during growth of SiGe/Si [6] and III-V compound [7, 8] .
In a previous work we studied the evolution of accumulated stress during InAs on InP(001) QWr growth by MBE [9] . We observed a strong stress anisotropy built up during the growth process: stress is much higher along [110] Furthermore, from in situ stress measurements during QWr growth we obtained that when the phosphorous source is switched to the arsenic source for InAs deposition, As/P exchange at the InP surface takes place. The exchange process during QWr growth is intrinsic to the heteroepitaxial growth of this system and is crucial in order to control the total amount of material incorporated in the nanostructures. In this paper we present an in situ study on As/P exchange reactions during As 4 exposure of an InP(001) surface at different substrate temperatures (T s ). We have limited the study to exposure times and substrate temperatures of interest for MBE growth of the heteroepitaxial system InAs/ InP (001).
Experimental procedure
The exchange experiments were carried out in a solid source MBE system. Previously, a 200 nm thick InP buffer layer was grown at T s = 460ºC and under a P 2 flux (beam equivalent pressure P 2 -BEP = 5x10 -6 mbar) from a valved cracker solid phosphorous cell. The As/P exchange reaction was produced by exposing the InP(001) surface to an arsenic beam at different T s ranging from 370ºC to 500ºC. The operation sequence was as follows: the InP(001) surface was kept under P 2 flux (BEP=5x10 -6 mbar). Then P 2 flux was closed and we waited for 8 seconds before As 4 flux was set for 5 seconds (As 4 -BEP=2.5x10 -6 mbar). Finally, As 4 was closed and at the same time P 2 was opened. Surface reconstruction during the whole process was followed by RHEED. Surface always showed a (2x4) reconstruction under As 4 flux.
The in situ and in real-time stress evolution was followed by measuring during growth the stressinduced substrate curvature through the deflection of a laser beam. For this purpose, the InP (001) substrates were back-side mechanically polished to approximately 75 μm thickness, shaped as cantilevers and mounted on a special substrate holder that lets the sample bend freely [10] . Stress along [110] or [ 0 1 1 ] can be measured by cutting the long axis of the cantilevers in the desired direction. The stress can be quantitatively determined from the cantilever bending by means of Stoney's equation [6] . This technique is highly sensitive, being able to detect changes in stress associated with surface reconstruction in III-V systems [10] . It is important to notice that this technique measures stress changes from an initial tensile/compressive state; thus, the zero is arbitrarily set.
As the initial InP (001) surface stoichiometry can play an important role during exchange reactions, we have also performed in situ reflectance difference (RD) measurements previously to As/P exchange experiments [11] [12] [13] 1 ] directions, was taken at normal incidence with a He-Ne Laser (λ=1.94 eV). At this wavelength, this optical technique is primarily sensitive to surface anisotropy induced by group III dimers aligned along [110] direction [11, 12] . So, the RD signal amplitude is related to group III dimers concentration and consequently to surface stoichiometry.
Results
Figure 1 shows in situ RD measurements taken from T s = 370ºC to 500ºC. Triangles correspond to the surface signal under P 2 flux while circles represent the signal after 8 seconds without P 2 flux. We have plotted in the figure (left axis) the RD signal normalized to the total amount of variation we have detected. The values 0 and 1 then correspond to the lowest and highest indium coverage we can obtain respectively. In all experimental conditions the surface presents a (2x4) reconstruction except for the lower temperature values, enclosed by dashed lines in figure 1, where RHEED showed a (2x1) pattern. The experimental conditions sampled in this work correspond, according to recent results [13] [14] [15] , to the different phases of the (2x4) InP(001) reconstructed surface, which remains stable although ranging from anion-rich to cation-rich stabilized stoichiometry. Since (2x4) InP(001) surface reconstruction can exist in different surface phases [13] [14] [15] , the RD signal is not expected to be a linear function of In dimers existing in the surface, but a more complicated function that depends on the detailed surface structure. However, based on the RDS spectra calculated by N. Esser et al. [14] for the different phases in the (2x4) reconstruction for InP(001), we have estimated the levels of RD signal corresponding to each phase. In Fig. 1 (right  axis) we have plotted the RD signal levels at which each phase exists, together with the associated In surface coverage, θ In . This figure gives information about the surface stoichiometry at different substrate temperatures just previous to the As exposure in our experiments. Figure 2 shows the in situ measured stress evolution at two different T s , 410ºC and 465ºC, during the As/P exchange sequence described in the previous section. Stress measurements have been carried out along both <110> directions, in order to discriminate between surface effects (normally anisotropic) and isotropic stress effects related to the growth of a pseudomorphic layer.
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When arsenic incorporates at the surface topmost atomic layer, it produces a tensile stress signal in the cantilever along [110] direction (positive sign). This signal comes from the creation of directional In-As covalent bonds along [110] , which are distorted to accommodate to the InP lattice pa eter (3.2% InAs/InP lattice parameter mismatch). By contrast, no In-As bonds appear along [ ram 0 1 1 ], and the only contribution of the top arsenic layer to stress in this direction is related to the presence of arsenic dimers. This stress asymmetry produced by arsenic atoms at the upper layer is broken when they are incorporated in the bulk, where distorted In-As bonds exist along both <110> irections (Fig. 3) . d
The stress evolution shown in Fig. 2 is similar for both growth temperatures. We have set the stress zero level for the existent conditions when the sample was under P 2 flux. However we want to notice that the existence of phosphorous dimers on the surface generates in the cantilever an initial compressive stress state along [ 0 1 1 ], since the bond length of P dimers is smaller than the distance between P atoms in the InP lattice [10] . In this way, an increase of accumulated stress signal along this direction actually means a decrease of compressive stress in the ntilever. So far, when the P 2 flux is switched off, the observed positive change in stress along [ ca 0 1 1 ] is indicative of a decrease in P dimer population at the InP surface, in agreement with our RD measurements (Fig. 1) . From our RD results (Fig. 1) we also know that the decrease of P dimer population when P 2 flux is ceased is higher at 410ºC than at 465ºC. As a consequence, a higher reduction of the compressive stress takes place at T s = 410ºC (higher positive stress signal for this temperature). Moreover, after 8 seconds without P 2 flux, an In coverage larger than 60% is present on the surface at both temperatures (see also Fig.1 ). When arsenic flux is switched on, As-As dimers rapidly form on this h y reactive In terminated surface. Consequently, a fast increase of compressive ighl tress along s 1
5
[ 0 1 ], responsible for the decrease of accumulated stress signal, is observed in Fi arsenic is ted at that T , as can be deduced from the higher increase in accumulate his g. 2.
d stress.
The changes in P dimer population when P 2 flux is closed do not contribute to the accumulated stress along [110] . Instead, this direction would be sensitive to dimers of element III. However, as can be seen in Fig. 2 , In dimers seem to have a much smaller contribution to stress variation than group V dimers, which could be related to the higher bond length of In dimers (~2.9 Å) compared to P dimers (~2.2 Å) [12] . In this [110] direction we observe, as expected, a fast increase of stress under As 4 flux. This behavior is associated with the presence of distorted InAs bonds formed when arsenic reacts with the In atoms present at the surface due to phosphorous desorption. The surface stoichiometry in the absence of P 2 flux is more In-rich for 465ºC than 410ºC, and more incorpora s An isotropic tensile contribution to the observed stress cannot be discarded, which could have its origin on the formation of monolayer high InAs islands on the As terminated surface as a consequence of the reaction of As 4 with excess In left free on the surface by previous phosphorous desorption. T isotropic contribution must be responsible for the progressive increase of both [110] and [ 0 1 1 ] stress signals under arsenic flux (Fig.2) . On figure 2 we also plot the stress behavior after switching back to P 2 . Although the whole process has not been included in the figure, we would like to point out the reversible character of the As/P exchange process, since the initial stress level is completely recovered. We also observe that the kinetics of the ar titution by senic subs hosphorous depends on T , being slower for lower T . the fast regime, which is then the important process for this time scale and substrate temperatures.
to acc Figure 4 shows in more detail the evolution of [110] stress signal during the exposure to As 4 for 5 seconds at different T s . As T s increases, more As is incorporated. Above 460ºC a saturation effect is observed, both in stress level and rate. This saturation corresponds to T s where surface presents maximum In coverage in absence of P 2 flux, as can be seen in Fig. 1 . The surface at these temperatures is highly reactive and As incorporates very fast. For lower T s, In surface coverage decreases and less As is incorporated (smaller accumulated stress signal). Moreover, for low enough temperatures, T s < 450ºC, besides the fast incorporation process, which we associate with the As bonding to the initial In coverage at the surface, a much slower stress built up process is observed. This slower stage could correspond to the InAs islands formation above described. It also could be explained by an actual substitution of phosphorous atoms in the presence of an arsenic beam. However, we want to point out that most of the arsenic incorporation takes place in
The accumulated stress values we have obtained after 5 seconds of As exposure are between 0.3 and 1.2 N/m. One monolayer of InAs pseudomorphically grown to InP provides a stress of 0.9 N/m [9] . So, to a first approximation we could say that, before In deposition for InAs growth, the amount of InAs formed just by the As/P flux switch ranges between 0.3 and 1.3 ML/s. However, for an accurate quantitative value of the amount of InAs grown before In deposition, other effects associated with changes in surface stress for the two different materials (InAs/InP) should be taken ount. . Conclusions rowth, substrate temperature should be kept elow that for phosphorous desorption (T s <370ºC).
